In this study we aimed to determine the effect of WNT10A variants on dental development in patients with oligodontia. Fortythree (25 boys and 18 girls) individuals were eligible for this study. Stage of development for each present tooth was assessed using the Demirjian method. In case no corresponding tooth was present, regression equations were applied for dental age to be calculated. The ratio between length of root and length of crown was ascertained for each present tooth in all quadrants. All patients were physically examined by a clinical geneticist and DNA analysis of the WNT10A gene was performed. Linear regression models were applied to analyze the association between WNT10A variants and dental age. The same analysis was applied to study the association between WNT10A variants and root elongation for each present tooth. One ordinal regression model was applied to analyze the association between WNT10A variants and development of present maxillary and mandibular teeth. Thirty-six (84%) patients were detected with WNT10A variants of which six patients displayed evident ectodermal features. Dental age was 1.50 (95% confidence interval (CI): − 2.59, − 0.42) to 1.96 (95% CI: − 3.76, − 0.17) years lower in patients with WNT10A variants compared with patients without variants. The development of maxillary canine, maxillary second molar and mandibular second molar was statistically significantly delayed in patients with WNT10A variants compared with patients without variants. The impact of WNT10A variants on dental development increases with presence of the nonsense c. (321C4A p.(C107*)) variant and the number of missing teeth.
INTRODUCTION
Dental agenesis is defined as the congenital absence of one or more primary or secondary teeth, excluding the third molars. 1, 2 As a frequent dental anomaly, 3 dental agenesis in the permanent dentition is studied for its prevalence in different populations. [4] [5] [6] The prevalence of dental agenesis in the Dutch population is estimated to be 5%, similar to the prevalence in Europe. 4, 7 Dental agenesis can be classified as hypodontia (1-5 missing teeth), oligodontia (≥ 6 missing teeth) or anodontia (no tooth present). 2, 8, 9 Oligodontia is observed in~0.14% of the population 10 and specifically for the Dutch population the prevalence of isolated oligodontia is reported to be 0.08%. 11 The numeric distinction between hypodontia, oligodontia and anodontia seems an arbitrary one, as the location of missing teeth is important as well. 12 Due to the lack of teeth, oligodontia has an impact on the quality of life. 13 Furthermore, dental agenesis is associated with a delay of dental development, abnormal size and abnormal shape of teeth. [14] [15] [16] [17] [18] [19] Dental agenesis is a hereditary condition with both environmental and genetic factors as part of etiology. 10, 20 Genetic evidence of dental agenesis has been previously presented. [21] [22] [23] [24] [25] [26] MSX1, PAX9, AXIN2, EDA, EDAR, EDARADD, LRP6 and WNT10A variants in mice are associated with dental agenesis and an aberrant development of the dentition. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Recent findings associate compound heterozygosity/homozygosity or heterozygosity for WNT10A variants with isolated dental agenesis in humans. 7, 37 In addition WNT10A variants are associated with various ectodermal dysplasias (EDs; OMIM, Entry 305100) often corresponding to the odontoonychodermal dysplasia (OODD; OMIM, Entry 257980) and Schöpf-Schulz-Passarge syndrome (SSPS; OMIM, Entry 224750), which combine abnormal development of ectodermal structures including teeth. [38] [39] [40] [41] Van den Boogaard et al 7 showed that variants of WNT10A were present in more than half cases of isolated oligodontia vs o10% variants of MSX1, PAX9 and AXIN2, concluding that the normal expression of the WNT10A gene is important for the formation of the tooth germ. However less information is available on the association between WNT10A variants and dental development. As WNT10A is strongly expressed in the dental epithelium at the initiation stage and has a role in tooth development beyond the bud stage, one may hypothesize that delayed dental development is part of the phenotype WNT10A dental agenesis. 32, 33 More insight into genotype-phenotype association facilitates the recognition of a possible genetic etiology in patients with dental agenesis, which may have consequences for the treatment approach. The aim of this study was to determine the effect of WNT10A variants on dental development in patients with oligodontia.
MATERIALS AND METHODS

Study population
Individuals with oligodontia visiting the Departments of Oral and Maxillofacial Surgery, Prosthodontics and Special Dental Care of the University Medical Center Utrecht (UMC Utrecht) and the St Antonius Hospital, Nieuwegein, The Netherlands were referred to the Department of Medical Genetics of the UMC Utrecht for syndrome diagnostics and genetic counseling. Informed consents were obtained from the patients or parents. The data of this study (patient IDs;73681-73716) including variants and phenotypes were submitted into LOVD-funded database (http://databases.lovd.nl/shared/ variants/0000117595). Forty-three (25 boys and 18 girls) patients with a mean age of 10.77 (SD 2.4) years were eligible for this study according to the following inclusion criteria: oligodontia (six or more missing teeth, excluding third molars), age between 6 and 16 years old and the presence of a dental panoramic radiograph (DPR). Mean age of the boys was 11.05 (SD 2.59) years and mean age of the girls was 10.38 years (SD 2.16) ( Table 1) .
Oligodontia assessment
Oligodontia was assessed by clinical examination from the dentist and also by DPRs. A tooth was classified as missing when no sign of formation or calcification showed in the DPR. Patterns of oligodontia were identified using the tooth agenesis code (TAC). The TAC is a unique number that is consistent with a specific pattern of dental agenesis. 42, 43 Dental development assessment Dental development was defined using the Demirjian method. 44 One experienced examiner determined one of the eight developmental stages (A, B, C, D, E, F, G and H) for each present tooth in all the quadrants.
Dental age was calculated for each patient referring to the stages of development of teeth in the left quadrant as follows. In order to estimate the stage of development for the missing teeth, a combined method was applied. This method consists of assessing the stage of development for a missing tooth in the lower left quadrant from the corresponding right mandibular tooth or from a corresponding maxillary tooth if the tooth was missing in both sides of the mandible. In case no corresponding tooth was present, regression equations developed by Nystrom et al 45 were applied. These equations take into account the development of the remaining teeth in the lower left quadrant, age and sex of the patient to calculate dental age. Obtained stages of dental development were used to calculate the dental maturity score by summing up the weighted scores given to every tooth of the lower left quadrant. 46 Finally, the Dutch dental age standard tables for boys and girls were used to convert the dental maturity score into dental age. 46 To obtain a better approach of dental development in our patients, additional measurements were performed using DPRs. In order to estimate the root elongation, the examiner ascertained the ratio between length of root and length of crown for each present tooth in all quadrants. Abnormal shape or size of teeth and permanent dental fillings were signed when detected.
Physical examination
All patients were physically examined by a single clinical geneticist, in order to identify possible features of ED (skin, hair, nails and sweat glands) or other syndromes. In addition, deviations in function of sweat glands, skin, hair and nails were assessed using a standardized form. The patients were classified as displaying evident ectodermal features or not.
Detection and analysis of WNT10A variants
Blood samples were obtained and DNA analysis of the WNT10A and the MSX1, PAX9, AXIN2 genes was performed essentially, as described in a previous study. 7 High-molecular weight genomic DNA was extracted from blood samples using standard procedures. PCR amplification of all exons of WNT10A and their splice site consensus sequences was applied. Mutation analysis was performed using the genetic analysis software Sequence Pilot V. Table S2 ). The description of the WNT10A variants is presented using the accession number NM_025216.2 of the reference sequence (Supplementary Table S2 ).
Statistical analysis
The association between WNT10A and dental age in patients with isolated oligodontia was studied using two linear regression analysis ( Table 2 ). The first linear regression analysis tested the association between the presence of any WNT10A variant and dental age. The second linear regression analysis tested the association between the presence of a nonsense WNT10A variant and dental age. Both linear regression analysis were performed in two consecutive models. The first model was adjusted for age and gender. The second model was WNT10A variants and dental development B Dhamo et al additionally adjusted for number of missing teeth, abnormal size or shape, number of filled teeth and the presence of ectodermal features. The association between WNT10A and root elongation (length of root/ length of crown ratio) of each present tooth in dentition was analyzed using two linear regression models. The first model was adjusted for age and gender. The second model was additionally adjusted for the number of missing teeth, abnormal size or shape, number of filled teeth and the presence of ectodermal features ( Table 3) .
The association between WNT10A and development of the present maxillary and mandibular teeth was analyzed using one ordinal regression model adjusted for age, gender, number of missing teeth, abnormal size or shape, number of filled teeth and the presence of ectodermal features (Figure 1) .
Interaction terms between gender, number of missing teeth, abnormal shape or size, presence of evident ectodermal features and WNT10A in relation with the dental development were tested. As no significant interaction terms were found, no stratification for these interaction terms was applied during analysis. All statistical analysis were performed using statistical software SPSS version 21.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
Thirty-six patients (84%) were detected with WNT10A variants (Supplementary Table S2 ). Of these, 11 had a missense variant (one patient showed ectodermal features), 10 had a miscellaneous variant (one patient showed ectodermal features) and 15 had a nonsense variant (four patients showed ectodermal features). Additional DNA analysis of the patients with WNT10A variants revealed no variants in the MSX1, PAX9, AXIN2 or ED1, EDAR and EDARADD genes. Of the seven patients without WNT10A variants only one showed evident ectodermal features. Additional DNA analysis of the patients without WNT10A variants revealed a PAX9 variant for one patient. There was no age and gender difference between the group of patients with WNT10A variants and the group without WNT10A variants (Table 1) . There was no difference for abnormal tooth size and shape, number of missing teeth or the presence of evident ectodermal features between both the groups.
Patterns of oligodontia
The percentages of missing teeth per tooth type were similar to those from other studies. 4, 43 The lower second premolar (80.3%), the upper lateral incisor (64.0%), the lower central incisor (64.0%) and the lower second molar (64%) were most frequently absent. The upper central incisor was present in all the patients. The upper first molar (10.5%) and the lower first molar (9.3%) were less frequently absent. Patients with WNT10A variants showed a higher number of missing teeth. Furthermore, the number of missing teeth increased with the presence of a nonsense WNT10A variant (P 0.001). The tooth agenesis codes were calculated per quadrant (Supplementary Table S1 ). The most severe oligodontia patterns were more prevalent in boys, whereas the mildest patterns were more prevalent in girls. The most frequent oligodontia patterns were more prevalent in patients with WNT10A variants than in patients without WNT10A variants.
WNT10A variants and dental development WNT10A variants and dental age. First linear regression analysis revealed a statistically significant lower dental age of 1.50-1.96 years for patients with WNT10A variants compared with patients without WNT10A variants (Table 2) . Second linear regression analysis revealed that dental age decreased statistically significantly 0.68-1.03 years with the presence of a nonsense WNT10A variant.
WNT10A variants and root elongation (length of root/length of crown ratio). Model 1 in the linear regression analysis showed that the roots of the left mandibular second molar were statistically significantly shorter (β = − 0.72; 95% (confidence interval) CI: − 1.23, − 0.21) in patients with WNT10A variants compared with patients without WNT10A variants (Table 3 ). The effect estimates obtained from (Figure 1 ). No statistically significant result was obtained for the mandibular canine, maxillary first premolar, mandibular first premolar, maxillary second premolar and mandibular second premolar. The ordinal regression analysis was performed as well for central incisors, lateral incisors and first molars in both jaws, but as these teeth were in the final stage of their development and the sample size was small, the values fell in one category and presented uninterpretable parameter estimates.
DISCUSSION
Although knowledge on the genetic cause of dental agenesis becomes available, a classification of patients can be made based on genetic characteristics. Before, patients with dental agenesis could only be classified by the number of missing teeth or as a feature of a syndrome. 11, 47 With information on the genotype of patients with dental agenesis, information on the phenotype facilitates an individualized patient-centered treatment approach for patients with oligodontia. One of the clinical characteristics can be a delayed dental development. Previous studies on dental agenesis and delayed dental development did not include genetic analysis. [15] [16] [17] [18] Possibly, the delayed dental development is related to the genetic etiology of the dental agenesis and caused by WNT10A. The population in the present study was relatively small. Oligodontia, however, can be considered a rare congenital dental anomaly. Furthermore, WNT10A was only recently identified as a major gene in the etiology of dental agenesis. 7, 48 To our knowledge a comparable group of patients with information on the dental and genetic characteristics is not available. The aim of this study was to determine the effect of WNT10A variants on dental development in patients with oligodontia. Abbreviations: β, regression coefficients, CI, confidence interval. * Indicates statistical significant result. P-values presented from independent t-test for continuous variables and χ 2 -test for categorical variables. Model 1 was the association between WNT10A variants and root elongation is adjusted for age and gender. Model 2 was additionally adjusted for the number of missing teeth, abnormal size or shape, number of filled teeth and the presence of ectodermal features. The significant effect estimates and their corresponding confidence interval are presented in italic entries.
WNT10A variants and dental development B Dhamo et al Assessment of dental development and determination of dental age in patients with oligodontia is impaired by the estimation of developmental stages for missing teeth, particularly in the case of oligodontia with a higher number of missing teeth. A specific method for assessing dental age in patients with oligodontia is not available, which may have prevented comparable investigations. Dental age was assessed in patients with cerebral palsy and Down syndrome, a risk group for oligodontia 49 by applying two methods, the one described by Nolla 50 and the other one described by Demirjian. 44 The limitation of the method described by Nolla 50 is the impossibility of applying this method in its original form because it tends to underestimate dental age. 51, 52 The limitation of the method described by Demirjian 44 is the trend to overestimate dental age due to the acceleration of dental development. 53, 54 To address the limitations of the existing methods, a combined method was applied in the present study with regression equations for missing teeth in case no corresponding mandibular or maxillary tooth was available. 45 An alternative could have been to skip the estimations from corresponding maxillary teeth and to apply regression equations directly in case a tooth was missing in both sides of the mandible, as the eruption of mandibular teeth precedes • parameter estimate (lower 95% CI, upper 95% CI). The ordinal regression model was fully adjusted for age, gender, number of missing teeth, abnormal size or shape, number of filled teeth and the presence of ectodermal features; Significant parameter estimates (P-value o0.05) are presented inside the rectangle-shaped box. Figure 2 Schematic presentation of the association between WNT10A variants and dental age in relation to the number of the missing teeth. without WNT10A variant.
Heterozygous/homozygous P (F228I) missense variant. Heterozygous/homozygous miscellaneous variant. Heterozygous/homozygous nonsense variant p. (C107*).
WNT10A variants and dental development B Dhamo et al maxillary teeth by 1 year at most. This would be expressed in less than one stage of dental development and not necessarily contribute to a change of dental age. As the equations are based on a general population, however, it can be questioned whether these can be inferred to patients with oligodontia. For this reason, information from the same patient was preferred for this study.
In general, the complete development of a tooth takes at least 10 years. The findings of this study suggest~3 years delay in dental development for patients with oligodontia and WNT10A variants. A previous study revealed an association between a decreased expression of WNT10A and inhibition of dentin apposition and root elongation. 30 Furthermore, WNT10A defects can lead to molar crown and root dysmorphologies. 31 The present study showed that the left maxillary canine and the left mandibular second molar had statistically significant shorter roots in patients with WNT10A variants compared with patients without WNT10A variants. This result was confirmed by the ordinal regression analysis, where development of the maxillary canine and second molars was 5-6 stages delayed in patients with WNT10A variants compared with patients without WNT10A variants. As in the literature, WNT10A variants are associated with both the type and number of missing teeth, 36 we expected significant effect of WNT10A variants on development of more teeth. Even though no statistically significant result was obtained for the other present teeth, in general the effect estimates were negative showing a trend of shorter roots and lower stages of development for present teeth in patients with WNT10A variants.
WNT10A variants in this study were found in cases with more delayed dental development and more missing teeth (Figure 2 ). Another recent finding indicates that the association with WNT10A is stronger with an increasing number of missing teeth and presence of the nonsense variant c.(321C4A p.(C107*)). 48 These arguments highlight that WNT10A is not only involved in tooth germ formation but has a role in the subsequent stages of tooth development as well. Further investigations on the effect of other genes are necessary for a better understanding of the relation between oligodontia and delayed dental development.
